Abstract. The strong-field photodetachment of an electron from a negative ion, when the laser is tuned near the threshold, displays deviations from the exponential decay law. These deviations manifest themselves in a significant deviation of the photon spectrum from a Lorentzian shape.
The influence of the continuum structure on bound-free laser-induced transitions has been a subject of considerable interest recently. The main importance is in the understanding of the role played by the lower bound of the continuous spectrum. The neutral-atom near-threshold ionisation is difficult to discuss rigorously due to the necessity of taking into account an infinite series of discrete Rydberg states converging at the ionisation edge (Greenland 1982 , Javanainen 1983a . To avoid this difficulty we discuss the photodetachment of an electron from a negative ion, which has a finite number of the bound states, an energy gap below the threshold and in which the density of the scattering states is described by a simple power dependence (Wigner 1948) .
In a recent paper (Rzaiewski et a1 1982, to be referred to as I) we have shown that in the very narrow frequency interval around the dynamical Stark-shifted threshold the probability P ( t ) of the atom remaining in its ground state significantly differs from a simple exponent for comparatively small and for very long times. The non-exponential behaviour of the decay process is usually vanishingly small (e.g. in spontaneous emission, see for instance Khalfin 1958 , Stroud 1970 , Mostowski and Wodkiewicz 1973 , Knight 1977 . In strong-field photodetachment, the decay is not caused by random vacuum fluctuations but can be controlled by means of changing the laser frequency or its power. It is the reason why the non-exponential features of the decay may be made dominant.
However, the direct measurement of P ( t ) or 1-P(t), the probability for photodetachment, seems rather difficult. The aim of this paper is to show that the nonexponential behaviour of P( t ) affects the spontaneous emission spectrum, which is a convenient quantity to measure. In I our model of a negative ion consisted of the ground state 10) and the continuum I w ) coupled by a strong laser field of frequency wL. In this paper we extend our model; the ion has an additional, second bound state J Zukrzewski, K Rzpiewski and M Lewenstein 11) and we allow for the spontaneous decay from the continuum to the additional state 11). The main omission of the model is that the spontaneous relaxation on the I w ) + 10) transition is excluded, however, this assumption makes the model analytically soluble and has already proved very valuable in the discussion of the photon spectrum accompanying laser-induced autoionisation (Agarwal et a1 1982) .
Choosing the origin of the energy scale to coincide with the detachment threshold the Hamiltonian describing our model may by written as (taking c = h = 1 for convenience) :
(1)
where is a bare energies Hamiltonian ( -w o , -ol are the energies of the bound states)
is an interaction Hamiltonian resulting from the laser light coupling of the 10) state to the continuum, which is assumed to have a definite angular momentum 1. To be specific we restrict ourselves to the s-wave continuum thus the coupling n ( w ) can be assumed in the form (already made use of in I, see Wigner 1948): p is a cut-off parameter, A is proportional to the intensity of the external laser field. The spontaneous relaxation is described by the Hv term in (1):
where f ( o ) contains the w dependence of the dipole matrix element on the lo)+ 11) transition. The angular dependence of (wlerll) is fully contained in the form factor p,(k). It is reasonable to assume that the w dependence of f ( w ) is similar to that of O ( w ) , so we take l f i (~) /~= 821f(w)12, where 8 is the amplitude of the laser light.
It is worth stressing that in writing (1) the rotating-wave approximation (RWA) is made. It has been shown by Javanainen (1983a) that the counter-rotating terms influence the position of the dynamical threshold only and therefore can be accounted for as described in I. In the RWA the transition lo) + 11) can produce only one photon and the evolution of the system can be studied by means of the time-dependent Schrodinger equation instead of the usual Heisenberg-type or master equations formalism.
The Schrodinger wavevector may be therefore expressed as:
the equations of motion for a ( t ) , P(w, t ) , cpu(k, t) are easily obtained:
where A = wL-woe state) obtaining:
We pass to the Laplace transform (assuming that at t = 0 the atom is in its ground
Substitution of (4c) into (4b) leads to the integral equation
The term in brackets is well known from the theories of spontaneous emission in bound-bound transitions. Making the usual Weisskopf-Wigner pole approximation (Weisskopf and Wigner 1930) we get
We denote the first term, related to the decay rate as y' (as near threshold w << w l , we assume that y' is w independent) and we neglect the latter term as corresponding to a very small Lamb shift.
The kernel of equation ( 5 ) is separable and making use of n * ( w ) = % f ( w )
we get:
-ifl*(w)a(z) ( ;
where J Zakrzewski, K Rzgiewski and M Lewenstein Inserting ( 6 ) into (4a) we find a ( z ) in the form:
and thus:
For the assumed form of f l ( w ) , (21, X ( z ) is given by
and the inverse Laplace transform of ( 7 ) or (8) can be performed leading as in I to a linear combination of the complex error functions (Abramowitz and Stegun 1964) . We present in this paper the long-time photon spectra only.
Because in the t+co limit only the pole at z =-i(k-A-wl) contributes to the inverse Laplace transform, the energy spectrum has the particularly simple form
where ys = A p y ' / %' is a reasonable definition of the decay width (as A is proportional to the laser intensity, y is intensity independent). Note that due to the presence of the square root in (4) S ( k ) is a non-analytical function of k in the vicinity of k = w l .
The leading terms in the denominator are proportional to pl/'. As p is supposed to be much larger than any other frequency involved, the influence of the square root on the shape of the spectrum can be significant only if both k -w1 and k -w 1 -A + A are small, i.e. when A -A. The A = A value of the detuning corresponds to the laser tuned at the dynamical (shifted by the amount A) threshold (see I).
For values of A far from the Stark shift A the spectrum has the bell, Lorentzian-like, shape indicating an almost exponential behaviour of la(t)12. The spectra for a laser tuned close to the dynamical threshold are shown in figure 1. The non-analytical behaviour of S ( k ) is responsible for the sharp peak for A = A as well as for the small side band for A = A(1+0.5 X The main wide peak is elastic (centred roughly at k = (wl + A -A)) while the sideband corresponds to k = w 1 giving the position of the threshold not shifted dynamically. The total number of scattered photons N, equal to the integral of S ( k) over all possible values of k, is very close to unity for the laser tuned below the threshold. The laser frequency is then too low for the ionisation to take place and we are in the Raman scattering regime. Tuning the laser above the dynamical threshold leads to a rapid decrease of N. Thus above the dynamical threshold the ionisation channel works effectively and the recombination of the atom and the electron into a negative ion is not likely to occur.
In conclusion, we have obtained the exact (with the usual RWA and WignerWeisskopf (1930) pole approximation) analytical result for the spectrum of photons accompanying negative ion photodetachment by a strong laser light. The spectrum provides information about the time evolution of the negative ion under the influence of the laser light and may serve as a way of detecting the non-exponential features of the photodetachment.
